In animals, early embryonic development is largely dependent on maternal transcripts synthesized during gametogenesis. Recent data in plants also suggest maternal control over early seed development, but the actual timing of zygotic genome activation is unclear. Here, we analyzed the timing of the maternal-to-zygotic transition during early Zea mays seed development. We show that for 16 genes expressed during early seed development, only maternally inherited alleles are detected during 3 d after fertilization in both the embryo and the endosperm. Microarray analyses of precocious embryonic development in apomictic hybrids between maize and its wild relative, Tripsacum, demonstrate that early embryo development occurs without significant quantitative changes to the transcript population in the ovule before fertilization. Precocious embryo development is also correlated with a higher proportion of polyadenylated mRNA in the ovules. Our data suggest that the maternal-to-zygotic transition occurs several days after fertilization. By contrast, novel transcription accompanies early endosperm development, indicating that different mechanisms are involved in the initiation of endosperm and embryo development.
INTRODUCTION
The maternal-to-zygotic transition is the first major developmental switch of an organism's life cycle. It occurs after fertilization and entails extensive reprogramming of gene expression, leading to the establishment of an embryo-specific developmental program. In animals, including mammals, Caenorhabditis elegans, or Xenopus, there is a delay between fertilization and the maternal-to-zygotic transition (i.e., the zygotic genome becomes active only after several rounds of cell division) and early embryogenesis is largely dependent on maternal transcripts deposited in the egg cell before fertilization (Flach et al., 1982; Newport and Kirschner, 1982; Newman-Smith and Rothman, 1998; Pelegri, 2003) . The length of this delay is species dependent, occurring at the two-cell stage in mice, the 28-cell stage in C. elegans, and at the mid-blastula stage in Xenopus. As a result, early events involved in cell division or pattern formation are programmed almost entirely through maternal mRNA.
The timing and mechanisms of the maternal-to-zygotic transition in higher plants are unclear. The reproductive cycles in angiosperms and animals differ in important ways (reviewed in Walbot and Evans, 2003) . First, plants do not have a germline as such; whereas specialized cells are defined early during embryonic growth in animals, plants produce meiocytes after a developmental switch in somatic stem cells late in development. Moreover, gametes in plants are formed after a long haploid phase that includes the formation of multicellular gametophytes. The outcome of reproduction, the seed, contains tissues of distinct origin, maternal tissues like the seed coat, and two hybrid tissues, the embryo and the endosperm, resulting from the double fertilization process that occurs within the female gametophyte. Current genetic data show that proper embryo formation requires synchronized development and cross-communication among all three types of tissues (Ray et al., 1996; Colombo et al., 1997; Grossniklaus and Schneitz, 1998) . Also, the many forms of asexual reproduction in plants illustrate some flexibility regarding the cell types that can be involved in reproductive pathways. Many cell types, for example, are apparently capable of late dedifferentiation and can be directed toward somatic embryogenesis in tissue culture. Furthermore, spontaneous occurrence of both gynogenic (development of female haploids) and androgenic (male haploids) embryos indicates that neither the male nor the female genomes are strictly necessary for embryo formation in plants.
Genetic analyses in Arabidopsis thaliana have suggested that the activity of many genes acting during early embryo and endosperm formation depends largely on transcription from the maternally inherited alleles (Vielle-Calzada et al., 2000) . In this experiment, none of the paternally inherited alleles at 20 different loci were expressed during early seed development, leading to the conclusion that maternal transcripts might be sufficient to direct early developmental stages in both the embryo and the endosperm. This model is still controversial; some evidence has been presented for early-transcribed paternal alleles in Arabidopsis (Weijers et al., 2001; Kohler et al., 2005) and expression of a paternally inherited transgene driven by a viral promoter in maize (Zea mays) (Scholten et al., 2002) . Also, the phenotypes of numerous embryo lethal mutants segregate with a typical sporophytic 3:1 ratio (data can be found at www.seedgenes.org; Tzafrir et al., 2004) , suggesting no apparent maternal effects. However, paternal silencing (or a least a strong reduction in the expression of paternal alleles) has also been independently confirmed for several developmental genes or markers (Baroux et al., 2001; Sorensen et al., 2001; Golden et al., 2002) .
Even assuming that most of the paternally inherited genome undergoes delayed activation, important questions remain unanswered. First, it is unclear whether paternal genome silencing could be generalized to early seed development in other plants. The analogy with animal models suggests that extensive variability is possible. Second, even for those genes where maternal control has been clearly demonstrated, it is not known whether the maternal transcripts are gametophytic (deposited before fertilization), zygotic (produced after fertilization), or both. Third, it is unclear whether the activation course of the genome is similar in the embryo and the endosperm.
To address these issues, we first analyzed the parent-of-origin expression of seed-expressed genes during early seed development in wild-type maize plants. Next, we analyzed transcription during early embryogenesis both in maize and in apomictic hybrid plants between maize and Tripsacum, where the embryo develops parthenogenetically without paternally inherited alleles (Leblanc et al., 1996) . We showed that the transcriptional delay observed for some or all of the paternally inherited genome in Arabidopsis is also an attribute of early maize seed development. Our data further indicate that the early stages of embryo development occur without detectable modification to the transcript population already in the ovule but are associated with a significant increase in the amount of polyadenylated mRNA in the ovules. It appears, therefore, that the maternal-to-zygotic transition in maize occurs only after several divisions of the zygote. By contrast, a novel transcription pattern of maternal alleles accompanies early endosperm development, indicating that different mechanisms are involved in the initiation of endosperm and embryo transcriptional programs.
RESULTS

Delayed Activation of the Male Genome during Early Seed Development in Maize
Data from Arabidopsis (Vielle-Calzada et al., 2000) suggest that a large number of seed-expressed genes experience delayed activation of the paternally inherited genome after fertilization. To verify whether this model is also relevant to early maize seed development, we used allele-specific RT-PCR 3 d after pollination (DAP) to test for the presence of male and female transcripts of 16 genes expressed during early seed development.
Because it is technically difficult to extract the endosperm and the embryo from the surrounding nucellar tissues at early stages, the experiments were conducted with dissected ovaries or seeds, which consist predominantly of maternal sporophytic tissues. In the text, we will refer to the ovule whenever considering either the ovule before fertilization or the samples obtained by dissecting the developing seed (not including the pericarp and external nucellar cell layer) after fertilization of the ovule. In both cases, it consists of either the nucellus and the gametophyte (before fertilization) or the nucellus, embryo, and endosperm (after fertilization).
To demonstrate the feasibility of detecting embryo-or endosperm-specific expression in fertilized ovules with RT-PCR, we first tested several genes with known expression patterns within the early seeds. Three of them (Zmfie2, Zmocl1, and Zmocl5) are expressed in the embryo. Specifically, Zmfie2 is first detected in the mature female gametophyte and, after fertilization, in the embryo and, at a lower level, in the endosperm ; both Zmocl1 and Zmocl5 are expressed in the protoderm layer of the embryo during early development (Ingram et al., 2000) . We similarly assayed three genes coding for storage proteins in the endosperm, a legumin homolog (AW216194), an a-globulin (AF371278), and a b-zein (AB073081). Experiments with mRNA and antibody localization in maize have shown that these genes are specific to the growing endosperm (Woo et al., 2001) .
Some of these genes, particularly the storage protein genes, belong to large families. We therefore designed all primer pairs to amplify specific loci. We further sequenced the PCR products to verify that the amplifications matched a single locus. As a control against possible contaminations by samples at later stages of development, we also analyzed the expression of Zmfie1, which is known to be expressed exclusively in the endosperm starting 5 to 6 DAP . Expression of Zmfie1 in our materials was consistent with prior reports in that it was not detected before 5 DAP and strongly expressed starting at 6 DAP (data not shown).
As shown in Figure 1A , all three embryo-expressed genes were detected by RT-PCR in ovules containing mature female gametophytes (0 DAP) and at 3 DAP. Similarly, we detected expression for all three storage protein genes at 3 DAP ( Figure  1C) . Thus, for all six genes, RT-PCR was sensitive enough to detect expression in the embryo and/or the endosperm.
We then attempted to analyze the expression of these genes in an allele-specific manner. For the three storage protein genes, we took advantage of the presence of simple sequence repeat (SSR) motifs within the transcript sequences ( Figure 1B) . A (GTC)n repeat was found at position 827 in the legumin transcript, a (GCA)n repeat was found at position 428 in the 15-kD b-zein transcript; and two (GGC)n repeats were found in the a-globulin transcript sequence (positions 125 and 282). We crossed two highly polymorphic maize inbred lines, CML216 and CML72, and dissected the seeds at various times after fertilization. RNA and DNA from 30 unfertilized ovules (0 DAP), 300 ovules 3 DAP, and 30 ovules 7 DAP were extracted in bulks of 30 ovules each, and the RNA reverse-transcribed. Primer pairs for an actin control, Zmfie2, and Zmfie1, all three pairs expending intron-exon boundaries, were used to control cDNA samples for possible contamination by genomic DNA or DNA from later stages of development (in the case of Zmfie1).
All three SSR loci were polymorphic between CML216 and CML72 when assayed either with genomic DNA or with cDNA extracted from fertilized ovules 3 DAP, as shown in Figure 1C . In the case of the legumin transcript, we detected a PCR amplification product only in the CML72 inherited allele. For the other two genes, we could detect biallelic amplification products using a single primer pair designed around the SSR motifs ( Figure 1C ). In all three cases, only the female transcripts were detected at 3 DAP in reciprocal crosses. At 7 DAP, by contrast, the male and female transcripts of the globulin and legumin loci were detected in each bulk ( Figure 1C) , as evidenced by biallelic amplification.
These results suggest either that the male alleles were not expressed at 3 DAP or that they were expressed at a lower level than the female alleles, below a detection threshold possibly induced by competitive amplification. To try to estimate this detection threshold, we performed RT-PCR with controlled dilutions of cDNA obtained from fertilized ovules at 3 DAP in CML216 and CML72. As shown in Figure 1D , dilutions up to 1:50 resulted in detectable biallelic PCR products for both loci, much below the dilution levels expected in the case of dosagedependent gene expression in the triploid endosperm. Thus, transcripts of paternal origin, if any, were expressed at a much lower level than the female alleles. In the case of AI746088 (the b-zein transcript), for which a single CML72-specific allele was detected, the absence of amplification products at 3 DAP similarly indicated that the male allele was either not expressed or expressed below the detection threshold of RT-PCR. We did not test allele-specific expression of Zmfie2, which has already been reported in the literature and for which only the maternal allele is expressed during the first days of seed development. The paternal Zmfie2 allele is activated at 5 DAP. Unfortunately, we could not define satisfactory allelespecific PCR conditions for the Zmocl sequences, which did not contain SSR motifs. Further screening of diverse maize genotypes would be required to obtain parental lines with appropriate polymorphisms, such as single nucleotide polymorphisms.
To further analyze the allele-specific expression of seedexpressed genes in maize, we searched the public maize EST (A) RT-PCR assay of genes expressed during early seed development in maize. Genomic DNA was extracted from a bulk of leaf, stem, and root samples; Zmfie1 and Zmfie2 provide controls for genomic DNA contamination. All PCR reactions consisted of 40 cycles of amplification. MW, molecular weight. (B) SSR-based strategy for the identification of allele-specific PCR conditions, illustrated here for the b-zein sequence. A single primer pair designed from the DNA flanking the repeats can be used to amplify both alleles. (C) Allele-specific expression of three endosperm-expressed genes at 3 and 7 DAP. In all three cases, a paternal CML72-specific allele is detected either after amplification of genomic DNA or amplification of cDNA 3 DAP from selfed plants. Only the maternal alleles are detected at 3 DAP in a cross between both lines. Both alleles are detected 7 DAP. Note the presence at 7 DAP of an extra transcript for the a-globulin not found in fertilized ovules from selfed plants 3 DAP. (D) Detection threshold for biallelic amplification of CML216 and CML72 alleles. Lane 1, cDNAs from ovules collected at 3 DAP from CML216; lane 2, cDNAs from ovules collected at 3 DAP from CML72; lanes 3 to 7, controlled dilutions of the same cDNAs mixed in the following proportions: 1:2, 1:10, 1:25, 1:50, and 1:100; lane 8, water negative control.
Maternal-to-Zygotic Transition in Maize 3 of 12 databases for coding sequences expressed in early seed development and containing SSR motifs in their transcript sequence as a source of allele-specific PCR products. Out of 100 sequences, we identified 43 genes with appropriate polymorphisms between CML216 and CML72 (see Supplemental Table 1 online). A key technical issue with allele-specific RT-PCR analysis is whether the relative proportion of maternal and paternal transcripts influences the detection of allele specific products (i.e., whether an overrepresentation of the maternal transcripts might dilute paternal transcripts below a biallelic expression threshold). This would be particularly relevant for genes that are also expressed somatically in the maternal tissues of the dissected ovules. For all 43 transcripts, we thus tested the detection threshold of biallelic amplification on genomic DNA of fertilized ovules sampled at 3 DAP, where the male alleles are strongly underrepresented (being present only in the embryonic cells and the endosperm nuclei). We assumed that if PCR conditions are stringent enough to detect both the male and female genomic alleles, we should also be able to detect their transcripts, whenever the genes are expressed. The male and female genomic alleles could be detected by PCR at 3 DAP in all bulks for 16 of the 43 ESTs (including the three storage proteins described earlier) in a cross between CML216 and CML72. In addition, we also used controlled dilutions to estimate a detection threshold for biallelic amplification (data not shown). For all 16 sequences, the threshold was lower than 1:100. The 16 loci were also evaluated in the reciprocal cross (CML72 by CML216). Satisfactory RT-PCR conditions were obtained for four of them (AW066244, AI833700, AI746088, and AI745997). The other 12 either failed to detect paternal genomic DNA in seed samples In apomictic hybrid plants between maize and Tripsacum, as in Tripsacum apomicts, the developmental courses of the embryo and the endosperm are desynchronized. Unfertilized mature gametophytes in apomicts (0 DAP) contain a proembryo (PE) that is arrested after four to five divisions (A). Micrographs of two consecutive sections of the same ovule at 1 DAP show the simultaneous occurrence of a proembryo (top section) and unfused polar nuclei (PN; bottom section). At 3 to 4 DAP, the development of the endosperm (EN) after fertilization occurs in the absence of further embryo growth, which resumes only later during development, after endosperm cellularization. Therefore, profiling mRNA from mature sexual gametophytes against mRNA from mature apomictic gametophytes (B) captures transcriptional differences related to early embryogenesis. Similarly, transcription specific to early endosperm development is revealed by profiling unfertilized ovules of maize against fertilized ovules in apomicts collected at 3 DAP. E, endosperm; EC, egg cell; SYN, synergids.
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The Plant Cell at 3 DAP or showed a relatively high detection threshold. We performed RT-PCR analysis of the 16 loci with diverse maize tissues. The expression pattern of the storage proteins was consistent with the published literature (data not shown). Of the 13 sequences selected from the EST database, nine were widely expressed in plant tissues, and four showed distinctive patterns in ovules and seeds (see Supplemental Figure 1 online). Using allele-specific RT-PCR in a cross between CML216 and CML72, only the female (CML216) transcripts were detected at 3 DAP. At 7 DAP, by contrast, the male and female transcripts were detected in each bulk for all 16 sequences. In the reciprocal cross, similar results were obtained for the four sequences tested. Thus, we assume that only the female alleles for all 16 genes were expressed at detectable levels during early seed development.
Delayed Maternal-to-Zygotic Transition in the Maize Embryo
To further characterize transcription during early seed development, we used maize microarrays to compare the transcript population present in the female gametophyte before fertilization with the transcript population present specifically in the embryo or the endosperm during their first divisions. In most sexual plants, studying embryo-specific transcription is made difficult by the process of double fertilization. The fusion of one sperm nucleus with the egg cell nucleus is concomitant with the fertilization of the central cell in the female gametophyte by a second male sperm cell, which gives rise to the endosperm. Thus, profiling of early seed tissues does not discriminate between the transcriptional patterns within the fast growing endosperm and the slower embryo.
To get around this problem, we took advantage of a specific attribute of apomictic Tripsacum, a wild relative of maize. In apomictic maize-Tripsacum hybrids, which reproduce asexually through seeds, embryo and endosperm development is uncoupled for several days (Grimanelli et al., 2003) . As illustrated in Figure 2 , the embryo performs up to five divisions before fertilization. After fertilization, endosperm development initiates while the embryo remains arrested developmentally, showing signs of neither cell division nor developmental differentiation throughout a 5-to 6-DAP period (i.e., once cellularization in the endosperm is complete). Thus, mature, nonfertilized ovules from apomictic maize-Tripsacum hybrids and sexual maize (or sexual maize-Tripsacum hybrids) differ only in the presence of a proembryo. Differences in expression profiles between both samples would therefore represent either proembryo-specific expression or maternal transcripts produced in somatic tissues of the ovule (nucellus and integuments) after the initiation of embryo development.
We used maize microarrays to compare the expression profile of 5534 unique sequences between unfertilized ovules from apomictic maize-Tripsacum hybrid plants (genotype 38C; Leblanc et al., 1996) with a developing proembryo (but no endosperm) and ovules from sexual maize plants with neither endosperm nor embryo. As a control, we also profiled the same set of genes with RNA extracted from fertilized ovules at 3 and 7 DAP from sexual maize, against the same nonpollinated sexual maize materials. Although maize and Tripsacum are closely related, a possible bias might have been introduced in our experiment by the interspecific nature of the apomictic maize-Tripsacum hybrids. To discard the possibility that Tripsacum cDNA would not hybridize on maize sequences spotted on the microarrays, we performed DNA gel blot analysis for a random set of 225 maize cDNA on both maize and Tripsacum genomic DNA. We quantified the intensity of the hybridization signal obtained on Tripsacum DNA gel blots and compared it to maize DNA gel blots used as a control. All maize cDNAs (data not shown) provided hybridization signals of equivalent intensity between maize and Tripsacum DNA. We therefore assumed that most, if not all, Tripsacum transcripts would cross-hybridize to the maize cDNA with significant intensity; our results therefore reflect the expression profiles of both the maize and Tripsacum transcripts during early embryo development.
The profiles obtained at 3 and 7 DAP for sexual maize indicate significant changes in transcriptional activity when compared with unfertilized ovules (Table 1 ). This indicates that our detection methods are sensitive enough to detect transcriptional changes during early seed development. By contrast, we could not detect significant differences in transcriptional profiles (with P < 0.001) between apomictic and sexual plants before fertilization. Thus, within the limits of sensitivity of microarray-based detection, proembryo development (i.e., early embryogenesis) does not induce detectable changes to the transcript population already prevalent in both the gametophyte and the ovule for the 5534 genes sampled on the array.
Early Endosperm Development Is Accompanied by Novel Transcriptional Patterns
Our data indicate that, unlike the early embryo, early endosperm development correlates with significant novel transcription in the ovule. Using maize microarrays (UG 1.02) containing 7300 unique sequences (derived among others from endosperm libraries) we compared the transcript populations present in the apomictic hybrid materials at 0 DAP (presence of a proembryo but no endosperm) and at 3 DAP (where the early endosperm grows in absence of further embryo formation). Computational analysis, summarized in Table 2 and Figure 3 , identified 111 genes with differential expression (with P < 0.005, corresponding to false discovery rate [FDR] ¼ 0.032). Of these, 77 corresponded to genes expressed in both samples but with significantly different intensities, and 34 corresponded to genes whose expression was significantly different from null expression in only one of the two samples.
To validate these data, we performed semiquantitative RT-PCR of different tissues before and after fertilization for a sample of 27 out of the 111 coding sequences with contrasting expression. Although semiquantitative RT-PCR cannot be used to validate the absolute fold change estimates provided by the much more quantitative microarray experiment, the results (Table 3) indicate that 20 out of the 27 genes showed detectable changes in expression patterns after fertilization, in the direction suggested by the microarray data. Seven of the 27 genes identified on the microarrays were either experimental artifacts or real differences not detected with semiquantitative RT-PCR. Based on this sample, we assume that at least 75% of the genes identified by microarray analysis correspond to real transcriptional differences. In our sample, 14 corresponded to downregulated genes (expressed in the mature gametophyte, but absent or expressed at significantly lower levels in the fertilized ovules 3 DAP) and six to upregulated genes. Illustrative examples are provided in Figure 4 . They offer evidence for novel transcriptional activity concomitant to early endosperm development.
Early Embryo Development in Apomictic Plants Is Associated with a Higher Proportion of Polyadenylated mRNA
Although the array data showed that the global transcript population present in the ovules after the initiation of embryo formation is not statistically different from the population found in ovules containing mature gametophytes, more subtle qualitative changes in the organization of the mRNA population might exist. An important technicality with mRNA labeling in our microarray experiments is that reverse transcription is initiated both at random sites in the transcripts and at the poly(A) tails, using a mix of both random primers and oligo(dT) primers. This labeling method therefore captures the total mRNA population regardless of possible differences in RNA maturation. To verify whether our samples were equivalent in terms of RNA maturation, we compared the relative proportion of polyadenylated mRNA and nonpolyadenylated mRNA among unfertilized maize ovules (no embryo), fertilized ovules from maize plants sampled 3 DAP (B) Scatter plot of spatially adjusted fluorescence intensities between RNA extracted 3 DAP (y axis) and RNA from nonfertilized ovules from the apomictic genotype 38C (x axis). The spots indicate the localization of genes with significantly different expression at P < 0.001. Each gene is represented by the mean of the adjusted intensity values of all replicates. The group of spots indicated by the arrow indicates those genes where either x value was not significantly different from 0 but y value was not equal to 0 (and thus likely repressed after fertilization), or y value was not significantly different from 0, but x value was not equal to 0 (and thus likely induced after fertilization). a The table summarizes the data obtained by comparing RNA profiles in the ovules of the apomictic phenotype 38C at 0 DAP (presence of an arrested proembryo but before the initiation of endosperm formation) and 3 DAP (presence of growing endosperm and an arrested proembryo). b Ratio ¼ 1, no variation in gene expression; ratio > 1, upregulation in the endosperm after fertilization; ratio < 1, downregulation in the endosperm after fertilization.
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The Plant Cell (presence of both an embryo and a coenocytic endosperm), and nonfertilized ovules from nonpollinated apomictic 38C genotype (presence of a proembryo but no endosperm). Using the incorporation of digoxigenin-dUTP (dig-dUTP) molecules during reverse transcription as a marker, the amount of dig-dUTP incorporated by reverse transcription with random primers was compared with the amount of dig-dUTP incorporated with oligo(dT) primers. Random primers should transcribe RNA regardless of the presence of a poly(A) tail, whereas oligo-dT primers should capture only mRNA with a poly(A) tail. The data summarized in Figure 5 indicate significant differences in the relative proportions of polyadenylated RNA: the ratio of the amount of dig-dUTP incorporated using oligo(dT) primers to the amount of dig-dUTP incorporated using random primers was 0.72 in the nonpollinated ovules from apomictic 38C materials and 0.58 in the nonpollinated maize ovules (significantly different, x 2 test, P < 0.02). The same measurement with pollinated maize ovules 3 DAP resulted in a ratio of 0.69, not significantly different from the nonpollinated 38C genotype. This indicates that the early events taking place in the ovule after fertilization are accompanied by a significant increase in the proportion of polyadenylated to immature mRNA. The same increase occurs when only the proembryo initiates development, as shown with the apomictic materials.
DISCUSSION
Several mutant screens in Arabidopsis have clearly established that seed development requires gene activity in the gametophyte and, thus, that maternal control plays a crucial role in early seed development Springer et al., 2000; Choi et al., 2002; Grini et al., 2002; Pagnussat et al., 2005) . In some cases, such as mutants from the FERTILIZATION INDE-PENDENT SEED class of genes from Arabidopsis or for the noapical-meristem related protein 1 gene in maize (Guo et al., 2003) , it has been demonstrated that the maternal and paternal contributions to seed development are not equivalent (at least in the endosperm) because of genomic imprinting (Kinoshita et al., 1999; Vielle-Calzada et al., 1999; Luo et al., 2000; Yadegari et al., 2000) . Another remarkable demonstration of nonequivalence of the paternal and maternal genomes was offered by VielleCalzada et al. (2000) , who showed that the paternally inherited copies of 20 seed-expressed genes are silent during the early steps of seed development, while the maternally inherited copies are active. Here, we obtained similar results in maize for 16 genes expressed during early seed development. Three of them had been previously characterized as endosperm specific. In our experiment, only the maternal alleles were detectable by RT-PCR during the early days of seed formation. We also obtained similar results for 13 randomly chosen seed-expressed genes.
Further experiments using mRNA in situ hybridization would strengthen the analysis of those 13 random sequences. However, both the dilution series used in this experiment and the genomic PCR controls indicate that the male alleles of all 13 genes are either silent or expressed at a much lower level than the female alleles.
Although we used only a limited number of genes that were chosen for purely experimental reasons, such as the presence of repeats within their EST sequences, they represent unrelated biological functions and are evenly distributed across the genome. Thus, our results, together with those for two other maize genes that show maternal expression during early stages of endosperm development and biallelic expression at later stages (Zmfie and maternally expressed gene1; Danilevskaya et al., 2003; Gutierrez-Marcos et al., 2004) , offer a growing body of evidence that in maize, as in Arabidopsis, a high proportion of the male alleles are either not expressed or expressed at much lower levels than the female alleles until at least 3 DAP.
Our data further indicate that the establishment of an embryospecific developmental program is delayed by several days after fertilization. Using cDNA microarrays, we could detect no significant difference between mRNA populations from ovules Somatic tissues are represented by a bulk containing RNA from leaves, stem, husk, and roots. The examples illustrate three situations of downregulation (AI833477) or upregulation (AI820386 and AI714918) of genes after fertilization. AI820386 illustrates a case of more complex regulation. The optimum number of PCR cycles was chosen for each gene so that the signal would fall within the log phase of PCR amplification. (A) Dilution series of total RNA extracted from ovules of apomictic genotype 38C shows that dig-dUTP incorporation is linearly proportional to the amount of total RNA, with both random-priming and oligo(dT) reverse transcription. The actual dot blots of the dilution series [RP, random primers; OdT, oligo(dT) primers] are shown. The graphical representation of the same information shows the linearity of the signal intensity. The numbers represent arbitrary intensity units (a.u.). (B) Various independent reverse transcription reactions (replicates) were performed for both materials to estimate relative polyadenylated RNA; the graph summarizes the results for eight repetitions each. The diamonds indicate the mean value of the signal units; the bars indicate the minimum-maximum range. Note that the signal values fall within the linear part of the figure in (A), suggesting that the differences are not due to a possible saturation of the reverse transcription reaction.
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The Plant Cell containing an egg cell (sexual plants) or a proembryo (apomictic plants). Given the relative importance of somatic and reproductive cells in our samples, most of the expression profiles detected by microarrays probably reflect somatically expressed genes. This suggests that the formation of a proembryo in apomictic plants before fertilization does not require extensive modifications to the transcript population already prevalent in the gametophyte and the somatic tissues of the ovule. We cannot discard the possibility that the sample of genes represented on the microarrays might miss essential genes with zygote-specific expression profiles. However, this would imply that such genes have no pleiotropic effect on the expression of the ;6000 genes represented on the arrays. Similarly, it is possible that cDNA microarrays were not sensitive enough to detect relatively small changes specific to the gametophyte and the proembryo. However, we also showed that transcriptional changes after the fertilization of the central cell are readily detected under our experimental conditions, indicating a relatively low detection threshold. Altogether, we therefore propose that the first divisions in the proembryo in maize likely occur before the onset of global embryo genome activation. This does not rule out the possibility that specific genes might be activated early in development. In Arabidopsis, for example, the WOX9 is detected at the two-cell stage by in situ hybridization experiments, but not in the egg cell or the zygote (Haecker et al., 2004) . Such examples, however, remain infrequent in the literature. This does not rule out the possibility of unequal distribution of mRNAs and the establishment of transcriptional domains within the early embryo. WOX2 mRNA in Arabidopsis, for example, is found by in situ hybridization in the egg cell and the zygote; it becomes restricted to the basal cell of the two-cell embryo after asymmetric division of the zygote, thus defining a region of specific transcriptional profile within the very early embryo (Haecker et al., 2004) . Finally, novel transcripts of paternal origin might also play a role in early seed formation. At least two genes with early paternal expression have been identified in Arabidopsis (Weijers et al., 2001; Kohler et al., 2005) , one of which, the PHERES gene, has been shown to be paternally imprinted by MEDEA (Kohler et al., 2005) . Because our profiling experiment was conducted in the absence of paternal contribution, we might have missed paternal contributions to early embryo growth.
Nonetheless, there is very limited evidence suggesting important novel maternal transcription in the zygote and the proembryo. By contrast, our data also suggest that the initiation of endosperm development is accompanied by significant novel transcription in the maize ovule. Here again, we cannot determine whether this novel transcription is specific to the growing endosperm. It might also include, or be restricted to, changes from the surrounding maternal tissues, such as the integuments, which also undergo morphological changes concomitant to endosperm growth. However, such differences were not observed with seeds containing only a proembryo, indicating that transcriptional changes in maternal tissues in maize ovules 3 DAP would be dependent upon a growing endosperm. Further analysis of in situ expression of the candidate sequences identified on the cDNA arrays will help discriminate between these possibilities. Based on the above, it is unclear whether the maternal transcripts in the embryo are gametophytic (deposited before fertilization), zygotic (produced after fertilization), or both. We showed here that plants containing a proembryo and fertilized maize ovules 3 DAP are also characterized by a higher proportion of polyadenylated mRNA than that of unfertilized ovules. This is reminiscent of observations made in animals, mainly Xenopus and mice, where cytoplasmic elongation of poly(A) tails plays an essential role in the translational control of early embryo development (Seydoux, 1996; Johnstone and Lasko, 2001; Mendez and Richter, 2001 ). Examples of genes for which deposited maternal transcripts are essential in development abound in animals (Seydoux, 1996) but are limited in plants. This might reflect the inherent difficulty of analyzing transcription in plant ovules, rather than a genuine physiological difference between plant and animal development. Furthermore, this explanation has been proposed for the maternal effect phenotype of the PROLIFERA gene in Arabidopsis, a DNA replication factor (Springer et al., 2000) . It has also been shown in maize (Dresselhaus et al., 1999 ) that transcripts for a translation initiation factor, eIF-5A, are stored in unfertilized egg cells, possibly as a way to allow rapid triggering of mRNA translation after fertilization. The higher proportion of polyadenylated mRNA found in the ovules after fertilization suggests that mRNA recruitment might also be a mechanism of importance to control early seed formation in plants.
Taken together, our data indicate that the maternal-to-zygotic transition in maize does not occur until at least 3 d after the initiation of embryo development. The mechanisms controlling this transition in plants remain unknown. However, this report suggests that plants and animals share at least a delayed maternal-to-zygotic transition. Further work might reveal more similarities in other aspects of early embryo development.
METHODS
Plant Materials
Maize (Zea mays) inbred lines (CML72 and CML216) were obtained from the CIMMYT gene bank (www.cimmyt.org). The apomictic maizeTripsacum hybrid plants labeled 38C have been described elsewhere (Leblanc et al., 1996; Grimanelli et al., 2003) .
Allele-Specific RT-PCR Analysis during Early Embryo Development
Primer sequences for Zmfie2, Zmocl1, and Zmocl5 have been described elsewhere (Ingram et al., 2000; Danilevskaya et al., 2003) The public maize EST databases were searched for genes expressed in the embryo or during early seed development (http://www.zmdb.iastate.edu). We selected 100 expressed sequences from the databases that also contained SSRs within their cDNA sequence as a source of potential allelespecific PCR products. Using primer pairs already designed for the SSRs (available at http://www.agron.missouri.edu), we amplified the corresponding loci from parental genomic DNA and identified 43 pairs with polymorphisms between CML216 and CML72. Crosses in both directions were made and ovules collected at 0, 3, and 7 DAP. Embryo and endosperm tissues were also separately sampled at 8 and 12 DAP. RNA and DNA samples were then extracted from the various crosses using TRIZOL (Invitrogen, Carlsbad, CA). All RNA samples consisted of bulks of 30 dissected ovules. Absence of contaminant genomic DNA in our samples was tested by RT-PCR using primer pairs designed for the actin1 gene (accession number J01238). To validate the sensitivity of our RT-PCR conditions, we first verified our ability to detect genomic DNA in the bulks. We thus made the assumption that if PCR conditions were stringent enough to detect both the male and female alleles at the various stages, we should also be able to detect their transcripts; the contrary would imply that there is less than one paternal transcript per genomic copy of the allele, hence a negligible expression level. RT-PCR reactions were performed using the SUPERSCRIPT kit (Invitrogen) following the manufacturer's instructions. The accession numbers for the ESTs are as follows: AI677212, AI677270, AI670662, AI833700, AI854929, AI746192, AW216025, AW216004, AW181192, AW066927, AW066244, AW224179, AW216194, AB073081, AI746088, and AI745997. Expression of all 16 genes in the embryo was also verified using RT-PCR with the tissues collected at 8 and 12 DAP. RT-PCR data were confirmed with at least three replicates corresponding to independent biological samples.
Microarray Data Production
The rationale for the microarray experiments is summarized in Figure 1 . The apomictic 38C maize-Tripsacum hybrid used in this report has been described elsewhere (Leblanc et al., 1996) . These plants contain two genomes of maize (2x ¼ 20) and one genome of Tripsacum (x ¼ 18) and reproduce through gametophytic apomixis. We dissected ovules from the following types of materials: sexual maize plants (CML216) before fertilization, at 3 and 7 DAP; 38C hybrids before fertilization and at 3 DAP. RNA samples were obtained using TRIZOL. Maize microarrays were obtained from the Galbraith lab at the University of Arizona. We used the UNIGENE 1.01.02 microarrays (complete description available from www.zmdb.iastate.edu). Array design included ;5700 cDNAs spotted in triplicates. Slide preparation, RNA labeling, hybridization, and washes were done following Galbraith lab protocols (www.maizegdb.org/ microarray.php), except for labeling reactions. Those were performed using 50 mg of total RNA and the CySCRIBE labeling kit (Amersham, Piscataway, NJ) following the recommended procedures. In this experiment, a single source of RNA (unfertilized maize ovules) was used as the control RNA sample, compared with all other samples used at treatments. Each comparison was repeated twice, each with dye inversions. For endosperm growth profiling, we extracted RNA from dissected ovules from genotype 38C at 0, 2, and 3 DAP. Hybridizations of microarrays 1.02.03 were used to compare profiles at 0 DAP with the bulk of sample from 2 and 3 DAP. Array 1.02.03 contains ;7300 cDNAs spotted in duplicates. Hybridization conditions were as described above.
Microarray Data Analysis
The same analysis procedures were used for all array data sets. Data extractions from the raw images were performed using the ARRAYPRO software (Media Cybernetics, Carlsbad, CA). We normalized the raw data sets using spatial analysis models as described by Baird et al. (2004) . Briefly, spatial analysis sequentially fits a class of autoregressiveintegrated-moving-average models (ARIMA) to the array data both in rows and columns. The ARIMA models not only allow data to be normalized within and between slides, but also model and thus correct the experimental spatial variability on each slide. This spatial variability is modeled as the direct product of an autoregressive correlation structure for both columns and rows. In our experiments, the spatial adjustment of the raw density and background measurements was based on blanks (spots without deposited samples), in such a way that density and background values of genes near a blank spot with high background values were adjusted downward, whereas genes with low expression values near a blank with low background values were adjusted upward. After adjusting the density, background, and, thus, signal of each spot based on the spatial model, a mixed linear model was used to test the significance of gene expression, following Wolfinger et al. (2001) and Kerr and Churchill (2001) . In our model, the variables ''slides'' and ''slide 3 gene'' interactions were considered as random effects, whereas ''genes'' were considered as fixed effects. Candidate genes with treatment effects among genes with significant expression (arbitrarily set at density > local background þ 2 SD) were then selected with a general linear mixed model. The estimation of the variance components in the model used the residual maximum likelihood approach. The equation for the general mixed linear model is Y ¼ Xl þ Zu þ r, where Y is the response vector, X is the design matrix for fixed effects (l: genes, repetitions, and dyes), Z is the design matrix for random effects (u: slide, slide 3 gene interaction), and r is the residual. We therefore identified candidate genes based on the significance of the ''treatment'' variable effect on the variance-covariance structure, irrespective of the actual ratio of signal intensity estimates. For all genes with a significant ''treatment'' effect (P < 0.005), we then computed the ratios using the mean of the ARIMA-adjusted estimates of signal intensity. Estimates of FDR following Benjamini and Hochberg (1995) were further calculated for the genes selected under P < 0.005. The ASREML system (Gilmour et al., 2002) was used for computing the spatial analysis of the microarray experiments. Determination of the FDR was computed using the R multitest package (available from http://www. bioconductor.org/repository/release1.3/package/html/index.html). We computed the mixed model using the SAS PROCMIXED procedure. The data sets are available in Supplemental Tables 2 to 9 online.
Microarray Data Validation
We used semiquantitative RT-PCR to confirm a subset of the candidate genes identified by microarray. Because the subset of genes was randomly chosen, we assume that the frequency of type 1 errors reflects the overall level of false positives (or alternatively of differences not detected with our protocols). The semiquantitative RT-PCR protocols were as follows. We extracted ovules from staged maize ear samples during meiosis, during gametogenesis, at ovule maturity before fertilization, and at 3 and at 7 DAP. RNA extractions and reverse transcription were as described earlier. The cDNA samples were diluted 1:50 and used for PCR. PCR reactions consisted of 1 mL of cDNA, 2 mL each of 2 mM forward and reverse primers, 0.1 mL of 1 mM dig-dUTP, and 5 mL of a 23 reaction mix (REDTAQ reaction mix; Sigma-Aldrich, St. Louis, MO) containing all other necessary reagents, including deoxynucleotide triphosphates. For all genes (including an actin control), we used the same PCR cycling conditions (30 s at 948C, 20 s at 568C, and 1 min at 728C) with 17, 20, 25, and 30 PCR cycles. PCR products were resolved on 1.5% agarose gels and transferred on uncharged nylon membranes. Incorporated DIG was detected using standard chemiluminescence protocols (available from www.cimmyt.org/ABC/protocol/contents.htm).
RNA Polyadenylation Measurements
We used a modification of the SUPERSCRIPT reverse transcription kit protocol (Invitrogen) to measure the relative amount of polyadenylated mRNA in unfertilized ovules of CML216, fertilized ovules from CML216 3 DAP, and the apomictic genotype 38C. Briefly, reverse transcription was as follows: a reaction containing 2 mL of 0.3 mg/mL total RNA, 1 mL of 10 mM deoxynucleotide triphosphate mix, and 1 mL of either 50 nM random hexamers or 50 nM oligo(dT) primers was heated at 658C for 10 min and placed on ice for 5 min. We added 10 mL of a reaction mix containing dig-dUTP (2 mL of 103 reaction buffer, 4 mL of 25 mM MgCl 2 , 2 mL of 0.1 M DTT, 1 mL of 40 units/mL RNaseOut enzyme (Invitrogen), 1 mL of 2L Superscript reverse transcriptase, and 0.1 nM dig-dUTP) and incubated it for 10 min at 258C, followed by 50 min at 508C. The reaction product containing the cDNAs was then precipitated with 2.5 volumes of ethanol 10 of 12
The Plant Cell and 0.3 M NaOAc and resuspended in 5 mL of water. Dot blots of 2 mL were deposited on uncharged nylon membranes and fixed to the membrane by UV cross-linking, and the incorporated dig-dUTP molecules were detected on x-ray films using standard chemiluminescence detection protocols. The films were digitalized, and we used the Kodak EADS imaging system (Rochester, NY) to score each dot individually. Those were first fit to an ellipse of variable size. Intensity and background data were then recorded automatically. The dig-dUTP signal for each spot was calculated as the intensity minus the local background. The RNA pools used were the same as those used for the microarray experiment.
